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Abstract: Colonization of the spermosphere and rhizosphere by plant-beneficial bacteria is limited by competition with
indigenous soil microbes for resources such as reduced carbon compounds. A study of the soil microbial community
around germinating seeds was undertaken as a necessary first step in understanding the competition between the
introduced plant-beneficial bacteria and the indigenous microbial community. Two soil types, Galestown gravely loamy
sand soil, with pH 5.8 and 0.6% humic material, and Hatborough loamy sand soil, with pH 4.5 and 3.2% humic
material, were compared. Five seed types, corn, cucumber, radish, soybean, and sunflower were used. Microbial
communities were characterized functionally, using a substrate utilization assay, and structurally, using fatty acid
methyl ester analysis, over a 96-h period after the onset of germination. Soil type affected the microbial communities
far more than seed type. The communities in Hatborough soil had greater functional and structural changes compared
with the control than Galestown soil. The communities changed more functionally than structurally, with increased
substrate utilization compared with the soil controls.
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Resumé: La colonisation de la spermosphère et de la rhizosphère par les bactéries profitables aux plantes est limitée
par la compétition avec les microorganismes indigènes du sol pour des ressources comme les composés carbonés
réduits. Une étude de la population microbienne du sol autour des graines en germination a été entreprise comme
première étape nécessaire pour comprendre cette compétition entre les bactéries profitables introduites et la population
microbienne indigène. Nous avons comparé deux types de sol, soit le sable loameux graveleux de Galestown à pH 5,8
contenant 0,6% de matières humiques et le sable loameux d’Hatborough à pH 4,5 contenant 3,2% de matières
humiques. Nous avons comparé cinq sortes de graines, soit maïs, concombre, radis, soja et tournesol. Les populations
microbiennes ont été caractérisées sur le plan fonctionnel par un test d’utilisation de substrats et sur le plan structural
par analyse des méthyl esters d’acides gras, pendant une période de 96 h suivant le début de la germination. Le type
de sol a affecté les populations microbiennes beaucoup plus que la sorte de semence. Comparativement aux témoins,
les populations du sol Hatborough ont montré des plus gros changements fonctionnels et structuraux que les
populations du sol Galestown. Les populations changeaient plus sur le plan fonctionnel que structural et révélaient une
plus forte utilisation de substrats comparativement aux sols témoins.

Mots clés: spermosphère, population microbienne, Biolog, utilisation de substrats, acide gras.

[Traduit par la Rédaction] Buyer et al. 144

Introduction

It is important for certain plant-beneficial bacteria, includ-
ing biocontrol agents and plant growth-promoting rhizo-
bacteria, to colonize the spermosphere and rhizosphere for

many agricultural applications. Plant-beneficial bacteria typ-
ically colonize at least a small portion of the rhizosphere
when applied as treatments of seeds or seed pieces (Bahme
and Schroth 1987; Leben et al. 1987; Xu and Gross 1986)
and can become widely distributed in the rhizosphere
(Weller 1984, 1987). However, these bacteria are typically
lognormally distributed along the root system (Loper et al.
1984), and populations of these biocontrol bacteria can de-
crease with increasing distance from the point of introduc-
tion into the soil (Chao et al. 1986). This colonization
process requires the uptake and conversion of reduced car-
bon compounds and other nutrients into energy and cellular
components required for growth. Competition with indige-
nous soil microbes for resources such as reduced carbon
compounds is thought to be a major factor limiting coloniza-
tion by biocontrol bacteria (Chao et al. 1986; Cook 1992;
Weller and Cook 1983).

Nutrients released into the spermosphere and rhizosphere
are derived from plant exudates, plant secretions, lysis of
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epidermal plant cells, and plant mucilages (Bowen and
Rovira 1976, 1991). These nutrients can vary with plant spe-
cies (Richardson et al. 1982; Vancura 1964; Vancura and
Hanzlikova 1972), plant age (Martin 1978; Martinez et al.
1994), and plant nutrition (Turner and Newman 1984;
Turner et al. 1985). Seed and root exudates have been exten-
sively studied. These exudates include carbohydrates, amino
acids, and other organic acids (Curl and Truelove 1986). As
with other forms of rhizodeposition, there are qualitative and
quantitative differences in carbohydrates, amino acids, and
other organic acids released into the soil as seed and root
exudates from various plant species.

We usedEnterobacter cloacaeas a model organism to
study the role of various reduced carbon nutrients in coloni-
zation of seeds of crop plants.Enterobacter cloacaehas
practical importance as a potential biocontrol agent of
Pythium spp. (Hadar et al. 1983; Nelson 1988). Using a
mutational approach, we have demonstrated thatE. cloacae
displays considerable metabolic flexibility during growth in
the spermosphere, since specific carbohydrates, amino acids,
and peptides found in exudates are not absolutely required.
However, the importance of carbohydrates and amino acid
utilization varies with seed type (Roberts et al. 1992, 1996a,
1997).

Mutants affected in utilization of carbohydrates and amino
acids found in seed exudates were reduced in colonization of
some, but not all, seed types relative to the parental strain
(Roberts et al. 1992, 1996b, 1997). There was no correlation
between the quantity of total carbohydrate and total amino
acid released by each seed type and the reduction in coloni-
zation by this collection of mutants. However, the spermo-
spheres of these seeds may develop communities with
different competitive abilities for available reduced carbon
compounds leading to the behavior of these mutants relative
to the parental strain.

The purpose of the studies presented here was to deter-
mine if structurally different communities, with potentially
different competitive abilities for exudates, develop in the
spermospheres of different seed types. A functional assay
based on carbon source utilization has been shown to be ef-
fective in differentiating between communities from differ-
ent ecosystems and agricultural management regimes
(Bassio and Scow 1995; Buyer and Drinkwater 1997; Gar-
land and Mills 1991). Fatty acid analysis has been shown to
be an effective method for structural analysis of soil micro-
bial communities (Buyer and Drinkwater 1997; Haack et al.
1994; Zelles et al. 1995). We used these assays to measure
and compare the functional and structural changes the mi-
crobial community in the spermosphere undergoes during
the germination of different seeds.

Materials and methods

Analysis of spermosphere microbial communities
Two soils were used. The Galestown gravely loamy sand soil

had a pH of 5.8, cation exchange capacity of 4.0, and 0.6% humic
material. The Hatborough loamy sand soil had a pH of 4.5, cation
exchange capacity of 4.5, and 3.2% humic material. Soils
were collected from the top 6–10 in. (1 in. = 25.4 mm), sieved
through a 0.5-cm sieve, and air-dried for 48 h. Soil was equili-
brated to –75 kPa water potential for several days before use. Corn
(Zea mays), cucumber (Cucumis sativumcv. Marketmore 76), rad-

ish (Raphinus sativuscv. Cherry bomb), soybean (Glycine maxcv.
Chesapeake), and sunflower (Helianthus giganteus) seeds (not sur-
face sterilized) were sown in 2 g of soil insterile test tubes. Con-
trols consisted of soil without seeds. Tubes were incubated on a
laboratory bench at approximately 22°C with approximately 12 h
light : 12 h darkness. Six replicate soil samples were harvested
0 and 96 h after sowing by adding 1 mL sterile deionized water,
sonicating (Branson Ultrasonics Corp., Danbury, Conn.) for 5 min,
vortexing, and removing the seeds. Each experiment was per-
formed twice.

The substrate utilization assay was conducted by serially dilut-
ing a portion of each sonicated sample to achieve a final dilution
of 10–4 in sterile saline (4.5 g NaCl per litre). Biolog GN plates
(Biolog, Inc., Hayward, Calif.) were inoculated with 150µL of the
10–4 diluted sample and incubated at 22°C for 3 days. Plates were
read with a Thermomax plate reader (Molecular Devices Corpora-
tion, Sunnyvale, Calif.) at 595 nm. The remainder of the initial
sonicated sample was frozen for fatty acid analysis.

Fatty acid analysis was performed on all samples using a slight
modification of a previously published procedure (Cavigelli et al.
1995), which was based on a protocol for isolated microorganisms
(Sasser 1990). Each frozen sample was lyophilized, and 1 g of
lyophilized soil was weighed into a 25-mL glass centrifuge tube
equipped with a Teflon-lined screw cap. Briefly, the sample was
saponified with alkaline methanol, methylated with acidic metha-
nol, extracted, and centrifuged at 500–1000 ×g for 5 min. The or-
ganic (top) layer was transferred to another tube, and the extraction
and centrifugation processes were repeated. The organic layers
from both extractions were combined and washed with dilute aque-
ous NaOH. The organic (top) layer was evaporated to dryness un-
der nitrogen, redissolved in 0.5 mL of extraction reagent, and
analyzed by gas chromatography. A Hewlett-Packard (Wilmington,
Del.) 5890 gas chromatograph with flame ionization detector was
used. Fatty acids were identified by retention time according to the
MIDI eukaryotic method (Microbial ID, Inc., Newark, Del.).

Data analysis
The substrate utilization assay data were analyzed after dividing

the substrates into six categories: polymers, carboxylic acids, car-
bohydrates, amino acids, amines and amides, and miscellaneous
(Zak et al. 1994). The average absorbance for all wells within each
category was calculated. The absorbance of the blank well was not
subtracted but was used as a covariate in the statistical analysis
(see below).

Fatty acids were divided into nine chemical categories: straight-
chain saturated, branched-chain saturated, monounsaturated, poly-
unsaturated,α-hydroxy fatty acids,β-hydroxy fatty acids, hydro-
carbons, alcohols, and oxyfunctional fatty acids (including
dicarboxylic acids, dimethylacetals, and aldehydes). Peaks that
could not be identified, or peaks that consisted of two fatty acids
from two different categories, were categorized as unknowns and
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Group Fatty acidsa

Biomass 14:0, 16:0, 18:0
Gram+ bacteria Iso- and anteiso-branched fatty acids
Gram– bacteria β-OH fatty acids
Eubacteria 15:0, 17:0 cyclo, 19:0 cyclo, 15:1 iso, 17:1 iso

and anteiso
Fungi 18:2ω6c
Protozoa 20:3, 20:4
Eukaryotes Polyunsaturated fatty acids

aSee Cavigelli et al. (1995), Frostegård et al. (1993), Zelles et al.
(1994), and Zelles et al. (1995).

Table 1. Fatty acid biomarkers.



not analyzed further. The area of each fatty acid peak was exported
to a text file using CAMBIO (Data Junction Corporation, Austin,
Tex.). The data were summed within each category and then di-
vided by the total peak area to determine the proportion of fatty ac-
ids within each category. Biomarker fatty acids were also
employed (Table 1). The fatty acids within a group were summed
and divided by total saturated fatty acids where multiple bio-
markers for a specific taxonomic group occurred.

All statistical analyses were performed with SAS software (SAS
Institute, Cary, N.C.). Analysis of variance (ANOVA) and multi-
variate analysis of variance (MANOVA) were conducted using the
general linear model. Means were compared using the Student
Newman–Keuls multiple-range test. A one-way model was em-
ployed in which the main effect consisted of each combination of
soil and seed type. For the substrate utilization assay, the blank
was used as a covariate to account for differences in the back-
ground absorbance. A canonical variates analysis, generated by the
MANOVA, was used to identify the linear combination of vari-
ables that best separated the soil–seed combinations (see Appen-
dix). This analysis was used to generate plots that summarize
group differences (Seber 1984). The plots generated are compara-
ble with those generated via canonical discriminant analysis, ex-
cept that we chose to display the mean of each treatment and its
corresponding confidence interval rather than the raw data. The
90% confidence intervals were calculated as shown in eq. 1,

[1] r n= χ2
2 010( . ) /

wherer is the radius of the resulting circle andn is the num-
ber of replicate samples (Seber 1984).

Exudate analysis
Seeds were surface sterilized with sodium hypochlorite (10%

commercial bleach) for 20 min, followed by two 20-min rinses in
sterile deionized water. Surface-sterilized seeds (2.5 g) were added
to 10 mL sterile distilled water and incubated in the dark. After
96 h the water was decanted and checked for microbial contamina-
tion by spotting 10µL onto nutrient agar. All noncontaminated
samples for each seed type were pooled, frozen, and lyophilized to
dryness. The samples were analyzed for carbohydrates with the

anthrone assay (Morris 1948) and amino acids using the ninhydrin
assay (Spies 1957).

Results

Substrate utilization assay
The substrate utilization data is summarized in Table 2.

Substrate utilization was higher in the Hatborough soil than
in the Galestown soil, except for the Hatborough time 0 con-
trol, which had less activity than some of the Galestown soil
spermosphere samples. This was true whether or not the
absorbance of the blank well was subtracted prior to analy-
sis. The Hatborough soil controls at 0 and 96 h had greater
total absorbance, as well as greater absorbance for each sub-
strate category, than the Galestown soil controls, indicating a
higher level of substrate utilization by the soil community. A
comparison by seed type showed the same pattern, with ac-
tivity being greater in the Hatborough soil for total absor-
bance and for each substrate group. The Hatborough soil
controls increased in substrate utilization activity from 0 to
96 h for total absorbance, carboxylic acids, and miscella-
neous substrates, indicating some change in the population
or community of the control soil during incubation. This did
not occur in the Galestown soil.

Substrate utilization activity was greatest in the sunflower
spermosphere in both soils in every category. Corn and soy-
bean spermospheres showed the next greatest amount of ac-
tivity, with radish and cucumber spermospheres showing the
least amount of activity. There was a soil–seed interaction,
as seen in the change in rank for corn and soybean and for
radish and cucumber when the two soils were compared (Ta-
ble 2), but this was generally not statistically significant.

In the control samples, the greatest activity was observed
for carboxylic acids and amino acids. In the Hatborough
soil, polymer utilization became much greater in the samples
with seeds, surpassing carboxylic acid utilization. The pat-
tern was more complex in the Galestown soil, with polymer
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Substrate groupb

Treatment Totala Polymer Carbohydrate Carboxylic acid Amine/amide Amino acid Misc.

Galestown
0-h Control 33.98f 0.28d 0.26h 0.47e 0.26h 0.38f 0.31e
96-h Control 39.80f 0.33d 0.35gh 0.49e 0.35gh 0.51ef 0.39e
Corn 87.02cd 1.00b 0.74de 0.89cd 0.74de 0.98cd 0.81bcd
Cucumber 77.99de 0.83bc 0.70de 0.82cd 0.70de 0.92cd 0.76cd
Radish 61.83e 0.64c 0.48fg 0.70d 0.48fg 0.70de 0.62d
Soybean 73.46de 0.70c 0.65ef 0.84cd 0.65ef 0.90cd 0.70d
Sunflower 99.99bc 1.10b 0.94cd 1.00c 0.94cd 1.19bc 0.91bc

Hatborough
0-h Control 84.68cd 0.84bc 0.74de 0.95c 0.74de 1.13bc 0.62d
96-h Control 110.34b 1.09b 0.91cd 1.23b 0.91cd 1.38b 0.99b
Corn 148.77a 1.79a 1.31ab 1.33ab 1.31ab 1.78a 1.30a
Cucumber 137.14a 1.63a 1.08bc 1.25b 1.08bc 1.68a 1.21a
Radish 142.33a 1.66a 1.24ab 1.33ab 1.24ab 1.71a 1.24a
Soybean 150.01a 1.79a 1.28ab 1.38ab 1.28ab 1.80a 1.29a
Sunflower 156.85a 1.84a 1.43a 1.47a 1.43a 1.84a 1.40a

Note: Different letters indicate statistically significant differences within each column.
aTotal absorbance summed across the entire plate excluding the blank well.
bSummed absorbance for each category of substrates.

Table 2. Substrate utilization assay results by treatment for each substrate group.



utilization greater than carboxylic acid utilization for corn,
cucumber, and sunflower, but not for radish and soybean
(Table 2).

Fatty acid analysis
A total of 205 fatty acids and related compounds, includ-

ing unknowns, were found. The unknowns were eliminated,
leaving 173 compounds. The fatty acids ranged from 8 to 30
carbons in length and included a wide variety of functional
groups. In order to make sure that any changes in fatty acid
composition were not due to fatty acids in the seed exudates,
a set of axenic controls, consisting of surface-sterilized
seeds in autoclaved soil, were run. Fatty acids were much
lower in these samples than in the experimental samples, in-
dicating that seed exudates contained minimal amounts of
fatty acids (data not shown).

The chromatographic peak area of the saturated fatty acids
14:0, 16:0, and 18:0 were summed to yield a biomarker for
biomass (Cavigelli et al. 1995). This measure of biomass
was much higher for the Hatborough controls and spermo-
sphere samples than for the corresponding Galestown sam-
ples at both 0 and 96 h, indicating greater microbial biomass
in the Hatborough soil and spermosphere samples (data not
shown).

Other biomarkers were calculated as proportions of the to-
tal saturated fatty acids. We found this to give less variance
than proportions of total fatty acids or proportion of the bio-
mass fatty acids. Results are presented in Table 3 for the
biomarkers that showed statistically significant treatment ef-
fects. Gram-positive bacteria were generally higher in the
Hatborough soil when compared with the Galestown soil, al-
though this was significant only for the 96-h control, and
corn and sunflower treatments. In Hatborough soil, the pro-
portion of Gram-positive bacteria increased significantly
from 0 to 96 h in the control sample but did not increase in
the spermosphere samples relative to the 0-h control. Eu-

bacterial fatty acids were lower in Hatborough than Gales-
town soil, and were not even detectable in the Hatborough
0-h control. The proportion of eukaryotes was higher in
Hatborough samples than Galestown samples, and in Hat-
borough soil dropped from 0 to 96 h. A similar pattern was
observed for fungi, perhaps because fungi are the dominant
eukaryotes. Protozoa, however, were higher in Galestown
soil than Hatborough soil. However, these differences were
generally not statistically significant.

There was no impact by any seed type on any taxonomic
group in the Galestown soil, as determined by fatty acid
biomarker analysis (Table 3). In the Hatborough soil, the
Gram-positive taxonomic group was significantly different
from the 96-h control for each seed type. All other taxo-
nomic groups were similar to the 96-h control with each
seed type (Table 3).

Multivariate statistics
A canonical analysis, generated by SAS GLM, was used

to identify the linear combination of variables that best sepa-
rated soil and seed combinations. The first two canonical
variates accounted for 89% of the variability for the fatty
acid analysis and 85% of the variability for the substrate uti-
lization assay, and therefore could be used to effectively
graph the data, allowing us to visualize how the soil–seed
combinations compared. The mean canonical variates and
corresponding 90% confidence intervals for each seed and
soil combination are plotted in Fig. 1. The strong contribu-
tion of soil type relative to seed type is evident from both
the substrate utilization and fatty acid data. The substrate
utilization assay (Fig. 1a) shows a shift from 0 to 96 h in the
Hatborough control samples, and also shows the seed sam-
ples to be quite different from the controls. The Galestown
soil showed much less response to time and seed germina-
tion. With fatty acids, the Galestown soil community did not
appear to be sensitive to seed type, whereas the Hatborough
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Taxonomic groupinga

Treatment Gram+ Bacteria Eukaryotes Fungi Protozoa

Galestown
0-h control 0.44cd 0.16a 0.27c 0.19c 0.019a
96-h control 0.44cd 0.12ab 0.21c 0.13c 0.015ab
Corn 0.43cd 0.10abc 0.31c 0.23bc 0.014ab
Cucumber 0.46bcd 0.13ab 0.27c 0.18c 0.011ab
Radish 0.46bcd 0.12ab 0.31c 0.24bc 0.009ab
Soybean 0.52bcd 0.12ab 0.28c 0.19c 0.007ab
Sunflower 0.41d 0.13ab 0.31c 0.24bc 0.012ab

Hatborough
0-h control 0.57bcd 0.00d 0.66a 0.53a 0.000b
96-h control 0.75a 0.06bcd 0.38bc 0.24bc 0.000b
Corn 0.62b 0.05bcd 0.34c 0.22bc 0.003b
Cucumber 0.48bcd 0.03cd 0.30c 0.20c 0.000b
Radish 0.50bcd 0.05bcd 0.41bc 0.31bc 0.000b
Soybean 0.53bcd 0.07abcd 0.55ab 0.43ab 0.000b
Sunflower 0.60bc 0.07abcd 0.43bc 0.32bc 0.002b

Note: Different letters within a column indicate significant differences atP < 0.05.
aSpecific fatty acids, summed as biomarkers to taxonomic groups, were normalized by dividing them by the

sum of the saturated fatty acids present in each sample.

Table 3. Fatty acid biomarker results by treatment for each taxonomic group.



soil community appeared to be. This can be seen by the
close proximity of the plotted means for Galestown soil in
Fig. 1b, but no such proximity for the Hatborough means.

Seed exudates
Analyses of the seed exudates are summarized in Table 4.

Corn had the highest levels of both carbohydrate and amino
acid exudation, followed by soybean and then sunflower.
Cucumber and radish released far less carbohydrates and
amino acids than the other seeds.

Discussion

The spermosphere microbial community was affected far
more by soil type than by seed type. The Hatborough soil,

with higher organic matter, had a greater microbial biomass
as measured by fatty acid analysis, which may explain the
higher levels of substrate utilization associated with the Hat-
borough soil. The microbial community in the Hatborough
soil was more responsive to seeds, with much larger shifts in
substrate utilization compared with the Hatborough soil con-
trols than in the Galestown soil. With the Galestown soil,
the soil community was not sensitive to seed type (Fig. 1)
and there was no difference in taxonomic biomarkers be-
tween the controls and the spermosphere of any seed tested
(Table 3).

The microbial community changed more in function (sub-
strate utilization) than in structure as the seeds germinated
for all seed types. One explanation is that the fast-growing
aerobic heterotrophs were the only part of the microbial
community to grow significantly during the 96-h experi-
ment. Since these organisms represent a small portion of the
total microbial biomass, there should be little change in the
fatty acid profile of the microbial community. However, these
organisms are anticipated to dominate the substrate utiliza-
tion assay, so community function should change, as ob-
served. It follows that the substrate utilization assay should
be more sensitive to shifts in the community structure than
FAME analysis, as suggested by Bååth et al. (1998) for
rhizosphere communities. A second explanation is that the
functional changes observed with the substrate utilization as-
say were due to induced physiological or metabolic changes
in the microbial community in response to exudates released
from seeds.

It is not clear why the different spermospheres have simi-
lar microbial communities at 96 h. Seed exudates are ex-
pected to provide nutrients for microbial growth in the
spermosphere. Corn and soybean seeds released substan-
tially more carbohydrate and amino acid than cucumber and
radish seeds, yet there was very little difference in the mi-
crobial communities. Furthermore, sunflower spermosphere
communities consistently had the highest (although not gen-
erally statistically significant) substrate utilization, yet sun-
flower seeds released substantially less carbohydrate and
amino acid than corn and soybean seeds. It may be that 96 h
is insufficient for major differences in microbial community
structure and function to develop.

The results from this paper are useful in interpreting data
from previous studies on colonization of seeds byE. cloa-
cae. One mutant ofE. cloacae, strain A-11, contains a muta-
tion in a region of the genome important to glycolysis and is
reduced or deficient in growth on most carbohydrates found
in seed exudates that support growth of the parental strain

© 1999 NRC Canada

142 Can. J. Microbiol. Vol. 45, 1999

Seed Carbohydratea Amino acidb

Corn 5076.8 892.4
Cucumber 3.3 1.0
Radish 8.6 4.2
Soybean 1147.8 220.1
Sunflower 117.2 56.6

aCarbohydrates are quantified as micrograms of
glucose equivalents per seed.

bAmino acids are quantified as micrograms of
leucine equivalents per seed.

Table 4. Seed exudates released over 96 h.Fig. 1. Canonical variates for soil and seed effects. Means for
each soil × seed type are plotted. Ellipses represent 90%
confidence intervals. (a) Substrate utilization assay. (b) Fatty
acid analysis. Controls:r, Galestown 0 h; +, Galestown 96 h;
q, Hatborough 0 h; ×, Hatborough 96 h. Treatments:j, corn;
d, cucumber;m, radish;., soybean;r, sunflower; solid
symbols Galestown, open symbols Hatborough.



(Roberts et al. 1997). In studies carried out in the Galestown
soil, strain A-11 was substantially reduced in growth on cu-
cumber seed but not significantly (P < 0.05) reduced in
growth on pea seed relative to the parental strain (Roberts et
al. 1992). Strain A-11 was also significantly reduced in
growth on radish seed but had similar growth to the parental
strain on corn and sunflower seed in other colonization ex-
periments conducted in the Galestown soil (D.P. Roberts
and P.D. Dery, unpublished data). Cucumber and radish
seed exude significantly less carbohydrate and amino acid
than pea, corn, and sunflower seed (Roberts et al. 1992,
1996a, 1997; D.P. Roberts, unpublished data). Since the
spermosphere microbial community in the Galestown soil
did not vary significantly with seed type over the time pe-
riod of the colonization assays (this paper), the colonization
behavior of strain A-11 relative to the parental strain in the
spermospheres of these different seeds directly correlates
with the quantity of carbohydrates and amino acids released.
However, the colonization behavior of other mutants of
E. cloacaeaffected in amino acid utilization relative to the
parental strain did not correlate with the quantity of carbo-
hydrate and amino acid released by the different seeds (Rob-
erts et al. 1996b). It is possible that there are substantial
qualitative differences in the exudates of these seeds with re-
gard to nitrogen sources.

The first few days of seed germination are a critical time
period for certain plant pathogens. ManyFusariumspecies
germinate within a few hours of planting in response to
spermosphere exudate (Nelson 1991).Pythium ultimumwill
colonize and rot seeds within 6–12 h of planting in patho-
gen-infested soil (Nelson 1991). It is assumed that many
biocontrol agents must colonize the spermosphere and rhizo-
sphere to protect the plant. If the pathogen is germinating
and colonizing the seed within a few hours of planting the
biocontrol agent must be metabolically active during that
time period. The biocontrol agent will be competing with the
native microflora for seed exudates, and we have shown that
over the first 96 h the native microbial community changes
in function, and somewhat less in structure, in a soil-
dependent manner. The adaptability of the biocontrol agent
to soil characteristics, and secondarily to seed type, may be
critical to colonization and suppression of plant pathogens.
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Appendix

The SAS code used to generate the canonical variates analysis
for the fatty acid data follows:

proc glm data = famesort outstat = chemstat;
class sst;
model psatd—poxo = sst /ss3;
manova H = sst /canonical;
quit;
proc score data = famesort score = chemstat out = chemscor;
var psatd—poxo;
quit;
proc glm data = chemscor;
class sst;
model can1 can2 = sst /ss3;
means sst /snk lines;
quit;

The first glm procedure is used to carry out the MANOVA and
generate the canonical variates. The variable sst has a different
value for each combination of seed and soil type. The variables
psatd—poxo represent the proportional fatty acid categories. The
score procedure scales the canonical variates and the final glm pro-
cedure is used to calculate the means. A similar program was used
to calculate the canonical variates for the substrate utilization as-
say, using the absorbance of the blank well as a covariate in the
model statement of the first glm procedure.


